Introduction
A bilateral telemanipulator system enables interaction between a human operator and an environment without requiring direct physical contact between them. Such a system can provide human ''presence'' and decision-making capability in an environment that might otherwise be inaccessible to humans. Ideally, the telemanipulator system will not distort the ''feel'' of the environment ͑i.e., will not introduce dynamics between the user and environment͒. Since the telemanipulator system consists of a pair of manipulators, however, and since all manipulators have dynamics, the system will introduce dynamics between the user and environment, and thus will always distort the feel of the environment. The ''transparency'' of the telemanipulation system describes the extent to which the feel of the environment is preserved. The control objective of the telemanipulator system is to minimize the distortion between the user and environment ͑i.e., maintain transparency͒ while maintaining a robust stability of the humanmanipulators-environment loop. This paper describes a control method that addresses this objective.
Prior Work
Hannaford ͓1͔ incorporated hybrid two-port network modeling techniques to assess the performance of bilateral control architectures, and utilized these techniques to characterize the transparency of a ''forward flow'' bilateral teleoperative architecture and a ''bilateral impedance'' architecture that he proposed. In the former, the velocity imposed by the operator is fed forward from the master as input to the velocity-controlled slave, and the force experienced by the slave is fed back as input to the forcecontrolled master. This is in essence a two-channel control architecture, since only two channels of information ͑i.e., master velocity and slave force͒ are exchanged between the master and slave systems. In the latter ͑bilateral impedance architecture͒, both the force and velocity of the operator are fed forward to the slave, and both the force and velocity of the environment are fed back to the master. This is essentially a four-channel control architecture, since four channels of physical information ͑i.e., master and slave forces and velocities͒ are exchanged between the two manipulators. Hannaford defined ideal telemanipulator performance ͑i.e., transparency͒ in terms of the two-port hybrid parameter matrix, and utilized this framework to show that both the forward flow and bilateral impedance architectures depart from ideal performance to the extent that the dynamics of the manipulators are not canceled by feedback control. Several researchers have subsequently incorporated hybrid two-port network modeling approaches to bilateral teleoperator systems. Yokokohji and Yoshikawa ͓2͔ incorporated the use of a hybrid two-port network model and a definition of ideal performance similar to that presented by Hannaford to derive a controller based on a fourchannel architecture that provides perfect transparency in the absence of parametric uncertainty and measurement noise, though it requires acceleration measurements for both manipulators. Lawrence ͓3͔ incorporated a similar network model approach to assess both the performance and the stability characteristics of a proposed four-channel architecture. Like the four-channel architecture of Yokokohji and Yoshikawa, the four-channel control architecture proposed by Lawrence provides perfect transparency in the absence of uncertainty and noise, but requires measurement of accelerations. Lawrence utilizes the two-port hybrid parameter matrix to show that, given his architecture, teleoperative transparency cannot be obtained without the use of all four information channels. Lawrence continues his analysis by incorporating passivity concepts to derive expressions for filters that, when incorporated into his architecture, enhance the stability of the humantelemanipulator-environment loop, though at the expense of transparency. Hashtrudi-Zaad and Salcudean ͓4͔ have subsequently modified the architecture presented by Lawrence with local force feedback. Using hybrid two-port network modeling, they have shown that the modification enables the same degree of transparency with three channels of information exchange rather than four.
Unlike these previously derived architectures, the bilateral telemanipulation control architecture proposed in this paper was developed from a frequency-domain loop-shaping perspective rather than a hybrid two-port network-based perspective. This change in perspectives enables the use of classical compensation techniques to provide transparency in the bandwidth of interest while maintaining the gain and phase margins necessary for a robust stability. Specifically, the paper presents a two-channel architecture that enables a simultaneous increase in the transparency and stability robustness of a bilateral teleoperation system, and additionally provides a high degree of transparency robustness to uncertainty in the operator and environment dynamics. of the operator, Z e represents the impedance of the environment, and C 1 and C 2 represent the motion and force scaling gains, respectively. The input V hv is the voluntary motion command imposed by the human operator. Within the closed-loop dynamics of the slave manipulator, Y s represents the admittance of the slave manipulator and C s represents the slave manipulator compensator. Within the closed-loop dynamics of the master, Y m represents the admittance of the master manipulator, Z lc represents the impedance of the load cell ͑typically modeled as a stiffness͒, and C m represents the master manipulator compensator. Note that the slave/environment connection and the master/human connection involve two variables rather than one ͑i.e., force and velocity͒, since they are physical rather than signal interactions ͑i.e., they involve power exchange͒. The nature of this interaction is such that an infinite environment impedance will result in no output motion from the slave loop, and an infinite human admittance ͑zero impedance͒ will result in no output force from the master loop. In the block diagram figures in this paper, connections that terminate in hollow arrows represent physical interactions, whereas those that terminate in solid arrows represent signal interactions. Note also that the total motion commanded to the slave is the combination of the ͑passive͒ output of the human admittance ͑i.e., the master force filtered by the human arm dynamics͒ and the voluntary motion superimposed upon it. This general architecture was called ''forward flow'' by Hannaford ͓1͔ and ''position-force'' by Lawrence ͓3͔. This paper incorporates the nomenclature utilized by Lawrence.
3.1 Transparency. Consider a single degree-of-freedom case in which both scaling gains are unity. The transparency of the architecture shown in Fig. 1 can be derived by restructuring the loop as shown in Fig. 2 . In this configuration, the closed-loop dynamics of the slave manipulator can be written as:
and the closed-loop dynamics of the master manipulator:
Given these expressions ͑and assuming unity scaling gains͒, the transmitted impedance ͑that seen by the operator͒ is given by:
For perfect transparency, the transmitted impedance should be the same as the environment impedance. The transparency transfer function can be defined as the ratio of the transmitted impedance to the environment impedance:
Specifically, perfect transparency in the single degree-of-freedom case requires that G t ϭ1. In practice, sufficient transparency would be such that the magnitude of the transparency transfer function G t is unity and the phase is zero within a bandwidth larger than the sensory and motor bandwidth of the operator. The objective of the control architecture is to achieve such performance while maintaining a robust stability of the loop.
Stability Robustness.
The stability robustness of the teleoperation system can be addressed by rearranging the system shown in Fig. 2 into a typical unity feedback Nyquist-like structure. Using block diagram algebra, the closed-loop physical interaction between the master manipulator and human operator can be represented by an equivalent transfer function given by:
The stability robustness of the loop can then be analyzed based on the overall open-loop transfer function, which is given by:
Insufficient stability robustness in the closed-loop would suggest the introduction of a loop shaping compensator to increase the stability margins, as illustrated in Fig. 3 . Note that this compensator would be introduced into the architecture of Fig. 2 in the C 1 block ͑i.e., the C 1 block would become C 1 G c ͒. Such a compensator would likewise affect the transparency transfer function, such that the new loop and transparency transfer functions would be given by: The introduction of the compensator G c enables manipulation of the stability properties, as well as the transparency, of the twochannel architecture. Specifically, the compensator provides the ability to shape the loop transfer function such that it exhibits desired gain and phase margins, thus providing a desired degree of stability robustness, and to shape the transparency transfer function such that it remains flat for the desired bandwidth of transparency. The former is typically a matter of adding phase at the gain crossover, and the latter is a matter of shaping the magnitude of G c to compensate for deficiencies in transparency. This exercise in loop shaping can be effectively addressed with a standard lead-lag compensator form, which can be written as:
where the design parameters k c , N, ␣ i , and i are utilized to shape the compensator, and thus the open-loop and transparency transfer functions. Note that physically, this compensator is operating on the motion communication channel between the master and the slave manipulators, and thus is physically viable and easily implemented. Note also that, though the compensator is shown operating on the master velocity, it would typically be introduced in the master position communication channel, which would not alter the expressions for the loop or transparency transfer functions given in Eqs. ͑7͒ and ͑8͒.
Performance Robustness.
Ideally, the teleoperator system should maintain its transparency bandwidth independent of changes in the dynamics of the human operator and environment, which will both typically change with time, sometimes abruptly. While the transparency of the compensated position-force architecture provides complete robustness to the dynamics of the human operator, the architecture as shown in Fig. 2 offers little transparency robustness to changing environment dynamics ͑i.e., Eq. ͑8͒ is independent of Y h but depends upon Z e ͒. The dependency on the impedance of the environment arises due to the inherent physical interactions occurring between both the slave manipulator and environment, and between the master manipulator and human operator. The presence of Z e in the expression for transparency can be diminished significantly by introducing additional local feedback on both the slave and master manipulators. Specifically, the transparency transfer function of the two-channel architecture can be written as:
where the impedance of the environment appears both in the second term of Eq. ͑10͒ and also in the closed-loop dynamics of the slave manipulator, G s , as given in Eq. ͑1͒. Local feedback at the slave can be used to eliminate environment dynamics from G s in Eq. ͑10͒, and local feedback at the master can be used to eliminate environment dynamics from the second term. Hashtrudi-Zaad and Salcudean ͓4͔ used such local feedback in teleoperation to enhance stability robustness and obtain perfect transparency with only three channels of communication. Figure 4 depicts the position-force architecture with the inclusion of local force feedback at the slave manipulator and local motion feedback at the master manipulator. With respect to the slave manipulator, the measured interaction force between the slave manipulator and the environment is summed directly to the desired actuator force commanded by the slave position compensator, C s . The transfer function governing the modified closed-loop dynamics of the slave manipulator is then given by:
The additional local force feedback compensates for the inherent physical interaction between the slave manipulator and the environment, effectively eliminating the dependence of the closedloop slave dynamics on the dynamics of the environment. Local feedback for the force-controlled master manipulator is complicated by the location of the physical interaction between the master manipulator and the human operator. This interaction enters the force control loop between the admittance of the master manipulator and the impedance of the load cell. Feedback compensation at this junction is impossible, since no actuator exists between the master manipulator and the load cell to provide the necessary power. A physically realizable alternative location to include compensation for the master/human interaction lies at the output of the master force compensator, C m . This, in turn, necessitates the use of the inverse admittance of the master manipulator. Utilizing a perfect inverse model of the master manipulator to compensate for the master/human interaction, the second term of Eq. ͑10͒ would be eliminated. The resulting transparency transfer function would be:
Thus, in the ideal case, the performance of the position-force architecture with additional local feedback is robust to any changes in the dynamics of the human operator and environment. Ideal compensation of the master/human interaction, however, requires feedback of the acceleration of the human operator. Due to the impracticality of obtaining such measurements without significant noise and/or phase lag, a reasonable alternative would utilize a low frequency approximation to the inverse master admittance that does not require acceleration. Figure 5 depicts the modified position-force architecture resulting from complete slave/ environment compensation and approximate master/human compensation. After compensating for the low order terms of the master admittance, the effective physical interaction between the master manipulator and human operator is governed by:
where Y m Ϫ1 represents the actual inverse admittance of the master manipulator and Ŷ m Ϫ1 represents the lower order approximation to the inverse admittance of the master manipulator ͑i.e., no acceleration͒. The transparency transfer function, under approximate compensation of the human/master interaction, is given by:
The ability of the modified architecture to maintain the transparency of the system under changes in the dynamics of the environment is governed by the difference between the inverses of the actual and approximate models of the master manipulator. Since Y m represents the structural admittance of the master manipulator ͑i.e., the first structural mode, which is typically dictated by the mass of the manipulator and the stiffness of the load cell͒, Ŷ m
Ϫ1
will differ from Y m Ϫ1 only at frequencies above the first structural mode of the master. The term ⌬Y m Ϫ1 will therefore only be nonzero above the first structural mode ͑which is typically on the order of one hundred to several hundred Hertz͒. Since a master manipulator cannot realistically impose controlled forces on a human above this frequency, the transparency transfer function for the bandwidth of force control of the master manipulator reduces to that of Eq. ͑12͒.
For purposes of stability, the transfer function representing the physical interaction between the master manipulator and human operator in the architecture of Fig. 5 becomes:
The resulting open-loop transfer function governing the stability robustness is then given by:
where G s is given by Eq. ͑11͒. The design objective is therefore to utilize loop-shaping techniques to choose a compensator G c in Eqs. ͑12͒ and ͑16͒ that will provide the desired transparency and stability robustness of the telemanipulator system. Note that while the ideal transparency relation given by Eq. ͑12͒ can be used for the design of the compensator, the actual transparency of the system is determined by Eq. ͑14͒. This design approach is illustrated by a numerical example following Section 3.4.
Communication Channel Time Delay.
In most applications involving local teleoperation, the time delay in the motion and force communication channels is negligible relative to the dynamics of the human-manipulators-environment loop, and in such cases need not be considered. In applications involving significant distance between the master and slave manipulators, however, the length of the time delay may be significant relative to the dynamics of the loop, and in such cases will in general affect both the stability and transparency of the proposed architecture. In the case of significant time delay T, the communication channel gains C 1 and C 2 in the proposed architecture would become C 1 e ϪsT and C 2 e ϪsT , respectively. With regard to stability, such a time delay will have a destabilizing effect on the system. Specifically, the presence of a communication time delay T in each channel would cause a loop delay ͑in Fig. 3͒ of 2T, which would add a phase of Ϫ2T to the open-loop transfer function of Eq. ͑16͒ without affecting the magnitude. The open-loop transfer function with time delay is therefore described by:
The time delay will add phase lag at the gain crossover frequency and will decrease the phase margin. Achieving stability robustness for a given time delay would thus require that the loop compensator add an additional amount of phase lead of approximately Ϫ2T c , where c is the gain crossover frequency. The destabilizing effect of the time delay can be effectively addressed by supplementing the compensator G c of Eq. ͑9͒ with a low order Padé approximation of e 2Ts , as illustrated in the following section.
Regarding transparency, in the ideal architecture shown in Fig.  4 , the transparency of the system is described by Eq. ͑12͒ delayed by 2T ͑i.e., multiplied by e Ϫ2Ts ͒. In this case, the presence of significant communication channel time delays does not affect the magnitude of the transparency, and therefore does not affect the Ϯ3 dB transparency bandwidth. As previously described, however, the modified architecture of Fig. 5 , which utilizes partial compensation of master/human interaction, is considerably more feasible. In this case, the transparency transfer function with a communication channel time delay of T in each channel will be given by:
To the extent that the second term is nonzero, the presence of the time delay will affect the magnitude of the transparency of Eq. ͑18͒. Since as previously discussed the term ⌬Y m Ϫ1 is essentially zero below the first structural mode, the magnitude of the transparency transfer function should not be significantly affected by the time delay in the bandwidth of interest ͑i.e., within the first structural mode of the master manipulator͒.
A Numerical Example
The following quantitative example was chosen to correspond as closely as possible to a previously published numerical example by Lawrence ͓3͔ in order to offer some context for the achievable stability robustness and performance. Note that while the example contains a simplistic dynamic model, further complexity could be incorporated without altering the underlying approach to the design of the loop shaping compensator. However, the simple model clearly demonstrates the general approach to the control of a two-channel telemanipulation system, without treating any of the secondary control issues arising from more complex dynamic models. In the example, the dynamics of the human are modeled as a second-order system having inertia, damping, and stiffness; the environment is modeled as a pure stiffness, the single-degree-of-freedom position-controlled slave manipulator is a pure inertia with a PD-compensator, and the single-degree-offreedom force-controlled master manipulator is a pure inertia coupled to a stiff load cell ͑relative to the human stiffness͒, also controlled by a PD-compensator. Specifically, the impedances of the human and environment, as shown in Fig. 2 , are given, respectively, by:
where m h ϭ17.5 kg ͑0.1 lb-s 2 /in)
These parameters correspond physically to a case where the human has a firm grasp on the master manipulator, as described by Lawrence ͓3͔, and the environment is rather stiff ͑somewhat less stiff than a wall͒. The slave dynamics and compensator are given by:
where m s ϭ87.5 kg ͑0.5 lb-s 2 /in)
The master dynamics and compensator are given by:
with the lower order approximation to the master admittance in this case given by:
where m m ϭ17.5 kg ͑0.1 lb-s 2 /in)
Note that the load cell stiffness, k lc , is an order of magnitude greater than the human stiffness with which it is interfaced.
The degree of stability robustness can be quantitatively assessed by the combination of gain and phase margins, as is the convention, and the degree of teleoperative transparency can be quantitatively assessed by the Ϯ3 dB bandwidth. Specifically, the bandwidth of transparency is characterized by the frequency at which the transparency transfer function departs significantly from 0 dB magnitude and 0 deg phase. For purposes of this paper, the authors define the bandwidth of transparency as the frequency at which the transparency transfer function crosses a Ϯ3 dB magnitude band, which is termed the Ϯ3 dB bandwidth.
The choice of dynamic elements and model parameters given in Eqs. ͑19͒-͑26͒ results in the human-manipulators-environment open-loop transfer function and transparency transfer function shapes shown in Figs. 6 and 7. Specifically, the Ϯ3 dB transparency bandwidth of the system is around 4.7 Hz, and the gain and phase margins of the system are approximately Ϫ13.4 dB and Ϫ41 deg, respectively, indicating that the loop is determinedly unstable. Note that though not shown in the block diagrams, a negative sign is incorporated into the loop ͑following the force communication channel from slave to master͒ in order to capture the reactive nature of the environment, as presented to the human operator through the teleoperator loop.
Loop Shaping for
Transparency and Stability Robustness. As previously described, the stability and transparency of the teleoperator loop can be simultaneously addressed by the addition of a compensator G c in the master position communication channel, and specifically by a compensator of lead-lag form as given in Eq. ͑9͒. For the numerical example of Eqs. ͑19͒-͑26͒, a choice of the following parameters:
1,2 ϭ0.0339 s ␣ 3 ϭ2.6 3 ϭ0.0517 s for the compensator of Eq. ͑9͒ results in the compensator frequency response shown in Fig. 8 . Specifically, the compensator is a lead-lead-lag compensator with a low frequency ͑unitless͒ gain of approximately 1.1 and a high frequency gain of approximately 1000. It should be noted that in the presence of high frequency noise in the master position sensor or unmodeled high frequency dynamics in the system, practical implementation of this filter might require the addition of a pole at high frequency to roll off the compensator and attenuate the high frequency gain ͑which would presumably decrease transparency, depending on the frequency content of the noise and/or unmodeled dynamics͒. Incorporating the compensator of Fig. 8 with the teleoperator loop of Figs. 6 and 7, as described by Eqs. ͑14͒ and ͑16͒, yields the stability and transparency transfer functions shown in Figs. 9 and 10. As seen in Fig. 9 , the stability robustness of the teleoperator loop is characterized by a gain margin of 21.4 dB and a phase margin of 28.7 deg. Regarding the degree of transparency, as seen in Fig. 10 , the addition of the compensator has significantly increased the bandwidth of transparency from approximately 4.7 Hz to approximately 160 Hz. Unlike indications in some prior publications, these results indicate that the objectives of simultaneously increasing the stability robustness and transparency of a bilateral teleoperator system are not mutually exclusive.
Transparency Robustness.
To assess the transparency robustness of the position-force architecture, the architecture of Fig. 2 ͑described by Eq. ͑8͒͒ is contrasted with the architecture of Fig. 5 ͑described by Eq. ͑14͒͒ for three different environment impedances: a nominal impedance ͑from the previous example͒, which is used to design the compensators, an order-of-magnitude increase in the nominal impedance, and an order-of-magnitude decrease in the nominal impedance. In both architectures, the compensators were designed such that the closed-loop transparency of the nominal system was essentially the same. The performance of the position-force architecture without local feedback, subject to each of the three environment impedances, is shown in Fig. 11 . The transparency transfer function of the original architecture departs considerably from its nominal shape for order-ofmagnitude increases and decreases to the nominal environment impedance. Transparency is therefore only maintained for environment dynamics that vary slightly from that used for the design of the loop-shaping compensator. Thus, the proposed architecture without local feedback finds utility only in applications where the environment is completely known. With the inclusion of the local human feedback term ͑as shown in Fig. 5͒ and the local environment feedback term shown in Fig. 4 , a high degree of performance robustness to environmental uncertainty is attained. The performance of the modified architecture for the three environment impedances is shown in Fig. 12 . While the high-frequency shape ͑Ͼ200 Hz͒ of the transparency changes significantly for different impedances of the environment, the low-frequency portion of the transparency remains intact. Despite no feedback compensation for the physical interaction between the master manipulator and the human operator, the transparency bandwidth of the modified architecture is not sacrificed when subjected to significant changes in the environment dynamics.
Communication Channel Time Delay.
The previously described quantitative example assumes no significant time delay in the motion and force communication channels. Consider the previous example with a 50-millisecond time delay in each com- Figure 13 shows the open loop transfer function of the uncompensated human-manipulators-environment loop with time delay, indicating that the gain and phase margins are approximately Ϫ22 dB and Ϫ190 deg, respectively, and thus considerably less stable than the loop without time delay shown in Fig. 6 . Using the proposed loop-shaping approach, the system can be effectively stabilized by supplementing the compensator in the previous example with a second-order Padé approximation of e 2Ts , which is given by:
where Tϭ0.050. Denoting the lead-lead-lag compensator utilized in the previous example as Ĝ c ͑i.e., shown in Fig. 8͒, Fig. 14 , with gain and phase margins of 8 dB and 46.1 deg, respectively, indicating a significant degree of stability robustness. As described in Section 3.3, the transparency is affected by the time delay only to the extent that the term ⌬Y m Ϫ1 is nonzero, which is generally the case around and above the first structural mode of the master manipulator. Figure 15 depicts the transparency of the teleoperator loop with and without loop compensation. As seen by comparing Fig. 15 ͑TOP͒ to Fig. 7 , the transparency Fig. 10 , the compensated transparency with time delay is essentially the same as without the time delay at frequencies below approximately ten Hertz, starts to exhibit noticeable oscillations due to the presence of the time delay around ten Hertz, and exhibits significant oscillations at higher frequencies. The compensated transparency bandwidth has decreased slightly from 160 Hz without the time delay to 150 Hz with the delay. The proposed architecture can therefore provide a high degree of stability robustness, transparency, and transparency robustness in the presence of significant communication channel time delays.
Implications for Scaled Teleoperation
The previously described quantitative example considered the case in which both scaling gains were unity, and thus the effects of scaling on the stability robustness of the system were not considered. In the general case, the motion from the master to the slave manipulator can be scaled by the factor C 1 and the force from the slave to the master scaled by the factor C 2 , as shown in Fig. 1 . In the case of scaled teleoperation ͑C 1 1 and/or C 2 1͒, the transparency transfer function would in the ideal case be scaled by the factor C 1 C 2 , which would transmit an impedance scaled by this factor to the operator. In the position-force architecture, the same scaling factor would be present in the loop transfer function. The loop transfer function would therefore be shifted in magnitude by the factor C 1 C 2 , but would otherwise be unaffected. In the case where the motion scaling is inversely related to the force scaling (C 1 C 2 ϭ1), the stability will be unaffected by the scaling. This would be the case, for example, in a macro-micro bilateral telemanipulation system where the motion is scaled down from the master to the slave by some factor, and the force is scaled up from the slave to the master by the same factor. In order to accommodate issues of similarity in scaled bilateral telemanipulation, some have suggested that the force be scaled as the squared inverse of the motion scaling ͓5,6͔, such that:
In this case, the scaling gain product C 1 C 2 would be given by:
In the case of macro-micro bilateral manipulation ͑i.e., increasing the power flow from the environment to the human͒, the motion is attenuated (C 1 Ͻ1), and thus the product of scaling gains is amplified (C 1 C 2 Ͼ1). This type of ''square law'' scaling would increase the gain of the open-loop transfer function and effectively decrease the phase margin and destabilize the system, with increasing scaling gains resulting in decreased stability of the teleoperator loop. In the case of a man-amplifier teleoperator system ͑i.e., increasing the power flow from the human to the environment͒, the motion is amplified (C 1 Ͼ1), and thus the product of scaling gains is attenuated (C 1 C 2 Ͻ1). In this case, square law scaling would have a stabilizing effect, with increasing scaling gains resulting in increased stability of the teleoperator loop.
Conclusions
A two-channel position-force bilateral teleoperation architecture incorporating a loop-shaping compensator and local feedback loops at the master and slave manipulations has been proposed, and has been shown to simultaneously provide stability robustness and transparency robustness in a teleoperator system. In contrast to previously proposed architectures, use of a loop-shaping approach enables simultaneous increase of transparency bandwidth and stability robustness in a bilateral telemanipulation system. 
